Poly(3,4-ethylenedioxythiophene) (PEDOT), for use as a hole-transporting layer in dye-sensitized solar cells (DSSCs), was synthesized via in-situ polymerization using a gas-phase oxidant. Highly volatile iodine was used as the gas-phase oxidant to fill up a porous TiO 2 substrate. The conductivity of PEDOT increased to 0.9 S/cm upon the addition of a base, 4-tert-butylpyridine, to the monomer solution. A solid-state DSSC was fabricated using PEDOT as the hole-transporting layer, which displayed photo-electric conversion.
Introduction
Polythiophene derivatives (for example: poly-(3,4-ethylenedioxythiophene) (PEDOT)), have been extensively studied as conducting polymers [1] and exploited as hole-transporting materials in electric and photoelectric devices such as organic light emitting diodes [2, 3] , organic photovoltaic cells [4, 5] , and dye-sensitized solar cells (DSSCs) [6] , because of their high electric conductivity and tunable energy levels. To fabricate either the formation of a hole-transporting layer or polymerization of thiophene derivatives onto the porous substrates, in-situ electrochemical polymerization of thiophenes has been applied successfully; however, it was effective only on highly conducting substrates such as indium tin oxide (ITO) [7] .
For DSSCs, a dye or sensitizer molecule is adsorbed onto the porous TiO 2 substrate, which is photo-excited to inject electrons into the TiO 2 semiconductor. The dye molecule is regenerated using a hole-transporting mediator. A widely used mediator is the acetonitrile solution of an iodide/triiodide redox couple, which itself is regenerated at the counter electrode; iodide in the solution acts as the hole-transporting shuttle through diffusion [8] . Conducting polymers have been previously examined for suitability as the hole-transporting material in DSSCs in order to solidify the mediator solution and prevent the deterioration of cell performance caused by the volatilization of the solution [6] . Although the bulk solution phase was solidified by using polymers, it was difficult for the polymers to penetrate the porous TiO 2 substrate. To address this problem, for example, in-situ photoelectrochemical polymerization of thiophene derivatives was carried out to form conducting polythiophene polymers on the porous TiO 2 substrate. As a result, the resulting DSSC displayed photoelectric conversion [9, 10] .
Jensen and coworkers reported the formation of conducting PEDOT via vapor-phase polymerization of 3,4-ethylenedioxythiophene (EDOT) by using iron(III)-tosylate as the oxidizing agent, which was pre-coated onto the substrate [11] . However, the residual iron derived from the oxidant often dented the hole-transporting performance of the PEDOT layer, and therefore, the applicable monomers were limited to highly volatile thiophene derivatives.
In this work, we polymerized the thiophene derivative monomers using gas-phase oxidants such as iodine and nitrosyl tetrafluoroborate. We found that the highly volatile and thiophene-soluble oxidants formed polymers of the thiophene derivatives coated onto or immersed into the porous substrate and that residues of the oxidants were easily removed from the formed polymer layers. The hole-transporting capability of the polymerized PEDOT on the porous TiO 2 substrate was also examined by fabricating a solid-state DSSC.
Experimental
EDOT, 2,2':5',2''-terthiophene, 4-tertbutylpyridine (tBP), and iodine were purchased from Tokyo Chemical Industry Co. Nitrosyl tetrafluoroborate (NOBF 4 ) was purchased from Sigma-Aldrich Co. Indoline dye molecule, 3-{1,2,3,3a,4,8b-hexahydro-
indole-7-yl}-2-cyanoacrylic acid (D131), was purchased from Mitsubishi Paper Mills Ltd. All reagents were used without further purification. TiO 2 paste (DSL 18 NR-T 20 nm) was purchased from Solaronix S.A. (Switzerland).
Porous TiO 2 layer was prepared as follows: TiO 2 paste was coated onto a glass or a fluorine-doped tin oxide (FTO) substrate using a bar-coating method. The coated substrate was sintered at 450 °C for 90 min and cooled down to room temperature.
The acetonitrile solution of EDOT or terthiophene was dropped onto a glass substrate or spin-coated onto the porous TiO 2 substrate, and the substrate was exposed to I 2 or NOBF 4 atmosphere as the gas-phase oxidant in a sealed vessel to induce polymerization of the thiophene monomer. After 30-120 min, the substrate was rinsed with acetonitrile to remove the excess oxidant on the substrate.
The conductivity of PEDOT was estimated from the resistance and layer thickness. The resistance was measured using a four-probe method, and the layer thickness was measured using a contact stylus profiler (KLA Tencor P-6).
A solid-state DSSC was fabricated as follows: porous TiO 2 -coated FTO substrate was immersed into a 0.3 mM D131 dye solution (acetonitrile and tert-butyl alcohol, v/v = 1/1). The substrate was left to stand for overnight at room temperature, which was followed by rinsing with acetonitrile. On the substrate, EDOT was polymerized by the vapor-phase polymerization with I 2 . A drop of 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide was placed on the PEDOT-formed TiO 2 substrate. The TiO 2 substrate as the photo-anode was clipped with a Pt substrate as the counter electrode to fabricate the DSSC. The photovoltaic performance of the DSSC was measured using a computer-programmed digital sourcemeter (Keithley 2611A) under solar irradiation (100 mW/cm 2 ). A cross section of the TiO 2 porous substrate was observed using scanning electron microscopy (SEM). The samples were scribed onto the glass substrate side and split using liquid nitrogen to observe the cross-sectional SEM-images (HITACHI High-Tech S-3000N). The IR spectrum of the PEDOT/TiO 2 substrate was measured using reflection absorption method (NICOLET 6700 FT-IR). The UV-Vis spectrum of the PEDOT/TiO 2 substrate was monitored using a UV-Vis spectrophotometer (JASCO UV-670).
Results and discussion
I 2 and NOBF 4 were used as the gas-phase oxidants. The thiophene monomer-coated glass substrate was set in a vessel filled with the oxidant atmosphere at room temperature. After 30 min, the substrate surface homogeneously turned black. The black layer formed under the I 2 vapor was insoluble in any of the organic solvents. However, the layer containing NOBF 4 was soluble in organic solvents, which suggested the formation of a polymer with I 2 (I 2 was used as a gas-phase oxidant in the subsequent experiment). The resulting layer formed with I 2 was characterized as PEDOT using IR The electric resistance of the polymer layer was reduced from >1 MΩ to 100-200 kΩ by adding either 4-tert-butylpyridine (tBP) as a base or tetrabutylammonium perchlorate as a salt into the monomer solution, which was coated onto the substrate. Both the highly volatile monomer EDOT and less volatile monomer terthiophene were polymerized using this method on any substrate surface.
The in-situ polymerization with the vapor phase oxidant, I 2 , was applied onto a TiO 2 porous substrate (particle size = 20 nm). The acetonitrile solution of EDOT and tBP was spin-coated onto the TiO 2 substrate, exposed to the I 2 atmosphere, and washed with acetonitrile. The cross-sectional SEM images of the EDOT-polymerized TiO 2 are shown in Figure 2 . The porous space of TiO 2 was thoroughly filled with a polymer after exposure to I 2 . This indicated that the in-situ polymerization of EDOT with vapor-phase I 2 proceeded in the pores of TiO 2 and the resulting polymer filled up the porous TiO 2 . The color of the EDOT-polymerized TiO 2 substrate changed from dark green to dark red through the de-doping process by exposure to hydrazine vapor. Although the resulting layer showed absorption bands in the UV-Vis (broad) and infrared (800-1500 nm) region, the de-doping layer showed an absorption peak at 495 nm without any absorption in the infrared region. This result did not conflict with the formation of PEDOT. The electric conductivity of PEDOT-filled TiO 2 was measured using the four-probe method by taking into account the layer thickness of TiO 2 (5 m). The conductivity of the PEDOT/TiO 2 substrate was estimated to be 0.02 S/cm, which was reasonable for a conducting network of PEDOT formed in porous and semi-conducting TiO 2 . The conductivity was lower than those of electrochemical [7] and vapor-phase polymerized [11] PEDOTs, which could be ascribed to the lower molecular weight of PEDOT polymerized with I 2 .
The conductivity of PEDOT was improved by adding additives to the monomer solution. substrate reached to 0.9 S/cm. It could be reasoned that tBP neutralized the protons generated during the EDOT polymerization process, which resulted in high-molecular weight PEDOT. The conductivity of PEDOT/TiO 2 substrate might be applicable to the following DSSC fabrication. Table 1 . Conductivity of the PEDOT layer.
The valence band of PEDOT has been reported to be 5.2 eV [12] , which makes it suitable as a hole-transporting layer of the DSSC using the dye molecule D131 with a deep HOMO level (5.5 eV) [13] and a high molar absorption coefficient. The theoretical photo-voltage was calculated to be 1.2 V from the valence band of PEDOT and the conduction band of TiO 2 (4.0 eV). A solid-state DSSC was fabricated using the PEDOT formed on the D131-adsorbed porous TiO 2 in the presence of I 2 vapor. The solid-state DSSC displayed photoelectric response as shown in Figure 3 . However, the photo-current and photo-voltage remained 0.4 mA/cm 2 and 0.3 V, respectively. PEDOT worked as a hole-transporting layer but the conductivity was not adequate to efficiently transport the hole. The conductivity of the PEDOT/TiO 2 substrate could be improved by tuning the in-situ polymerization conditions. In-situ polymerization 0.02 In-situ polymerization in the presence of t BP 0.9 PEDOT/PSS 10 -3 -500 [6] Electrochemical polymerization 300 [7] Vapor-phase polymerization > 1000 [11] PEDOT and types of polymerization
